Arrays of micrometer-scale needles could be used to deliver drugs, proteins, and particles across skin in a minimally invasive manner. We therefore developed microfabrication techniques for silicon, metal, and biodegradable polymer microneedle arrays having solid and hollow bores with tapered and beveled tips and feature sizes from 1 to 1,000 m. When solid microneedles were used, skin permeability was increased in vitro by orders of magnitude for macromolecules and particles up to 50 nm in radius. Intracellular delivery of molecules into viable cells was also achieved with high efficiency. Hollow microneedles permitted flow of microliter quantities into skin in vivo, including microinjection of insulin to reduce blood glucose levels in diabetic rats.
H
ypodermic needles have provided the gold standard for drug delivery for over a century, but advances in biotechnology make their limitations increasingly apparent. As devices that transport molecules of nanometer dimensions, the millimeter and larger length scales of conventional needles are often unnecessary, and they cause pain and limit targeted delivery. We therefore sought to test the hypothesis that needles of micrometer dimensions can create transport pathways large enough for small drugs, macromolecules, nanoparticles, and fluid flow, but small enough to avoid pain and facilitate highly localized and even intracellular targeting.
The microelectronics revolution has provided tools for highly precise, reproducible, and scalable methods to fabricate structures of micrometer dimensions (1) . This lithography-based approach can produce large arrays of microneedles that can be inserted into cells, skin, or other tissues. The increased importance of macromolecular therapeutics, combined with the newly acquired power of microfabrication, has recently prompted interest in fabricating (2-6) and testing (7, 8) microneedles for drug delivery.
In this study, we describe fabrication techniques used to make needles out of silicon, metal, polymer, and glass that have a range of geometries, can produce needles ranging from in-plane to normally protruding from substrates, and can be formed in large two-dimensional arrays. These methods mostly require just one or two fabrication steps or a single molding step and use technologies that are readily scalable for inexpensive mass production. We also demonstrate the ability of these microneedles to deliver molecules into cells and skin by using cell culture, cadaver skin, and hairless rats.
Methods
Fabrication of Silicon Microneedles. Solid microneedles were etched from silicon substrates as described previously (9) . Briefly, chromium was sputter deposited and then lithographically patterned (e.g., 20 ϫ 20 arrays of 80-m-diameter dots with 150-m center-to-center spacing) onto 2-inch (5-cm), ͗100͘ oriented silicon wafers. Reactive ion etching (RIE; Plasma Therm, St. Petersburg, FL) was then carried out with 20 standard cm 3 ͞min (sccm) SF 6 and 15 sccm O 2 at a pressure of 20 Pa and power of 150 W for a run time of Ϸ200 min. Microneedle fabrication was finished when the chromium masks became fully undercut and fell off the needle tips.
To form the bores of hollow microneedles, polymer photoresist was spin-coated and then lithographically patterned (e.g., 10 ϫ 10 arrays of 60-m-diameter holes with 300-m centerto-center spacing) onto 2-inch, ͗100͘ oriented silicon wafers (26) . Inductively coupled plasma reactive ion etching (ICP-RIE; Plasma Therm) was then carried out by using a modified Bosch process (10) to yield straight-walled holes completely through the 350-m-thick wafer. With the addition of a lithographic alignment step, microneedles were etched around the holes as for solid silicon needles. Polymer micromolds for solid needles. Polymer micromolds were fabricated by a number of different methods. In one approach, polydimethylsiloxane (PDMS) micromolds were fabricated from silicon or polymer masters. A mold was formed by coating a microneedle master with silicone oil (DC 200, Fluka), pouring a layer of PDMS (Sylgard 184, Dow Corning, Midland, MI) up to 8 mm thick onto the master, applying vacuum to remove any entrapped air bubbles, curing at 90°C for 1 h, cooling, and gently peeling off the mold (which left the master intact for reuse). These molds were used to fabricate solid microneedles from both metal and polymer.
Another approach involved spin casting SU-8 epoxy onto a glass slide at a thickness that was Ϸ50 m taller than the height of the microneedle master. After inserting the master into the epoxy, the epoxy was cured by baking on a hotplate (LHS-721P, Omega, Stamford, CT) and exposure to UV light (Ϸ5,000 mJ; model 1100 aligner, Optical Associates, Milpitas, CA). Complete removal of the silicon master by RIE (as above) yielded a polymer mold suitable to make solid metal microneedles by electroplating. Polymer micromolds for hollow needles. To make molds for hollow metal microneedles based on silicon masters, SU-8 epoxy was spun on at a thickness slightly taller than the microneedle master, cured by baking and exposure to UV light, and then etched back in an O 2 ͞CHF 3 plasma RIE to expose the tips of the silicon microneedle master (e.g., upper 5-10 m). The samples were then flipped over and etched by SF 6 plasma RIE to remove all of the silicon. The resulting polymer mold had conical holes bored completely through, suitable to make hollow metal microneedles by electroplating.
Molds for hollow metal microneedles were also made without the need for microneedle masters (26) . Straight-walled molds were made by spin coating SU-8 epoxy onto a silicon wafer or glass slide coated with a 100-nm layer of titanium. After soft baking, an array of holes was lithographically patterned into the epoxy, which was then baked after exposure and developed in trichloroethylene. The mold was separated from the substrate by etching the titanium layer with hydrofluoric acid (5%), which yielded a polymer mold with cylindrical holes bored completely through, suitable for electroplating hollow metal microneedles with straight walls.
To fabricate hollow metal microneedles with tapered walls without the need for masters, polymer molds were formed by drilling holes of the desired geometry into polyimide (Kapton HN, DuPont, Circleville, OH) or polyethylene terephthalate (Mylar, DuPont, Wilmington, DE) sheets by using an excimer laser (Micromaster, Resonetics, Nashua, NH) (28) . This method yielded tapered holes bored completely through, which were used for electroplating hollow metal microneedles with tapered walls.
Fabrication of Metal Microneedles. Metal microneedles were fabricated by electrodeposition onto polymer or silicon micromolds sputter coated with a Ti͞Cu seed layer (28) . On hollow microneedle molds, the outer surface of the mold adjacent to the needle tips was covered with powder coating tape (Shercon, Santa Fe Springs, CA) to protect it from being electroplated. A Ni or NiFe bath was used at a current density of 10 mA͞cm 2 to deposit a 5-to 50-m-thick layer of metal to form the microneedle walls of hollow microneedles. To make solid microneedles, plating was continued until the molds were filled. Although PDMS molds could be gentled peeled off the resulting needles, molds made of polyimide and polyethylene terephthalate were removed in an alkaline bath (1 M NaOH, boiling), silicon was removed in a 20% KOH bath, and SU-8 was removed with an O 2 ͞CHF 3 plasma (RIE).
Fabrication of Polymer Microneedles. Polymer microneedles were made by melting polyglycolic acid (inherent viscosity ϭ 1.71 dl͞g; Birmingham Polymers), polylactic acid (1.48 dl͞g; Alkermes, Cincinnati, OH) or polylactic-co-glycolic acid (50͞50; 0.49 dl͞g; Birmingham Polymers) into PDMS micromolds at 120-250°C, applying vacuum, and peeling the molds off (11) .
Fabrication of Glass Microneedles. Glass microneedles were made by using conventional drawn-glass micropipette techniques (12) . Glass capillaries (o.d. 1.5 mm, i.d. 1.1 mm, B150-110-10, borosilicate glass, Sutter Instruments, Novato, CA) were pulled in a micropipette puller (P-97, Sutter Instruments) and then beveled (BV-10, Sutter Instruments).
Cell Culture Studies. DU145 cells (American Type Culture Collection) were cultured as monolayers in 100 ϫ 15 mm sterile polystyrene Petri dishes (Fisher Scientific) by using RPMI 1640 growth medium (Mediatech, Herndon, VA) supplemented with 10% (vol͞vol) FBS (Mediatech), 100 units͞ml penicillin, 100 g͞ml streptomycin, and 250 g͞ml amphotericin B (Sigma). Cell cultures were incubated at 37°C and 95% relative humidity in a 5% CO 2 ͞95% air atmosphere until they formed a confluent monolayer.
After decanting the cell growth medium, 10 Ϫ4 M calcein (Molecular Probes) in PBS (Sigma) was added to the Petri dish. An array of microneedles was pressed with a force of 10 g into a portion of the monolayer and removed after 5 s. Two minutes later, the calcein solution was decanted and the cells were washed three times with PBS. Finally, a solution of 10 g͞ml propidium iodide (Molecular Probes) was added to stain nonviable cells. Intracellular uptake of calcein (green fluorescence) and loss of viability indicated by propidium iodide staining (red fluorescence) were determined by imaging monolayers by using fluorescent microscopy (Olympus).
In Vitro Transdermal Transport Studies. Rates of transdermal transport were determined by piercing human cadaver epidermis with microneedles. Skin was obtained from the abdomen or back of human cadavers (Emory University Body Donor Program, Atlanta) with approval of the Georgia Tech and Emory University Institutional Review Boards. Epidermis was isolated by incubating in 60°C water for 2 min and gently removing epidermis. Because the primary barrier to transdermal transport is the stratum corneum (the upper 10-15 m of the epidermis), the use of epidermis rather than full-thickness skin is a well established model for transdermal drug delivery (13) . The term ''transdermal'' delivery is typically used to refer to transport across epidermis to the capillaries below the dermal-epidermal junction (for systemic administration) and does not usually refer to transport across the dermis. Mathematical modeling (not shown) suggested that removing the diffusional barrier of dermis above these capillaries may overestimate skin permeability by up to a factor of 2 for our microneedle data. However, using fullthickness skin could underestimate permeability by a factor of 5 because of the presence of excess dermis.
Epidermis mounted in Franz diffusion chambers at 37°C was bathed in the receiver compartment (lower, viable epidermis side) with PBS and in the donor compartment (upper, stratum corneum side) with 1 mM calcein (Sigma), 100 units͞ml insulin (Humulin-R, Eli Lilly), 80 M Texas red-labeled BSA (Molecular Probes), or polystyrene latex nanospheres at concentrations of 2.5 ϫ 10 14 nanospheres per ml (25-nm radius) and 2.4 ϫ 10 13 nanospheres per ml (50-nm radius) (Polysciences, Warrington, PA). To prevent insulin aggregation, 10 mM n-octyl ␤-D-glucopyranoside (Sigma) was added to donor and receiver solutions when insulin was present. Skin permeability was determined by measuring solute concentrations in the receiver compartment over time by calibrated spectrofluorimetry (calcein, BSA, and nanospheres) or RIA (insulin; Linco Research, St. Charles, MO). Skin was temporarily removed from the diffusion chamber and placed on a supported surface whenever microneedles were inserted.
Epidermis samples with arrays of microneedles either inserted or inserted and then removed were chemically fixed with formalin and then freeze dried after dehydration using graded ethanol substitution. Gold-coated samples were examined by scanning electron microscopy.
In Vivo Microinjection Studies. The ability of microneedles to inject compounds into skin was assessed in diabetic, hairless rats by using a protocol approved by the Georgia Tech Institutional Animal Care and Use Committee. Hairless rats (healthy, male, adult, 300-400 g, Charles River Breeding Laboratories) were injected i.v. with 100 mg͞kg streptozotocin (Sigma) in a volume of 700 l. Over the next day, diabetes developed because of destruction of pancreatic islet cells by streptozotocin. Before microinjection studies, rats were anesthetized by i.p. injection of urethane (Sigma) and verified to have successful induction of diabetes by verifying blood glucose levels of 350-500 mg͞dl.
A glass microneedle was then filled with either PBS or 100 units͞ml insulin (Humulin-R) and drilled with a circular motion to a depth of 500-800 m into the dorsal skin. A pressure of 10 psi (1 psi ϭ 6.89 kPa) was applied for 30 min to inject fluid into the skin. Blood was collected periodically by tail vein laceration and assayed for glucose concentration (Accu-chek Compact blood glucose meter, Roche Diagnostics).
Theoretical Modeling of Transdermal Diffusion. We modeled permeability, k, of skin with holes made by microneedles by assuming that intact skin is effectively impermeable and that pathways created by microneedles are filled with water:
where f is fractional skin area containing holes from microneedles, D is effective solute diffusivity within holes, and L is hole length [50 m, corresponding to epidermis thickness (13)]. Hole geometry was idealized as an annulus when needles were inserted into skin and left in situ. When needles were inserted and then removed, holes were idealized as cylinders. Examination of skin samples by scanning electron microscopy indicated the annular gap width to be 250 Ϯ 100 nm and cylinder diameter to be 12 Ϯ 3 m (data not shown). By using these measurements, f was calculated to be 7 ϫ 10 Ϫ4 with needles inserted and 5 ϫ 10 Ϫ3 after needles were removed. The value of f with needles inserted was calculated by using
͞A, where n is the number of microneedles (400), R is needle radius (10 m), W is annular gap width (250 nm), and A is skin area under the array (9 mm 2 ). For needles removed, f ϭ nr 2 ͞A, where r is the radius of residual holes (6 m).
Solute diffusivity in dilute bulk solution (D ϱ ) was used as the effective diffusivity within cylindrical holes and was determined as follows: calcein from the Stokes-Einstein equation (14) Ϫ8 cm 2 ͞s for 25 nm and 50 nm radii, respectively). Possible hindrance to diffusion of nanospheres within annular gaps was accounted for assuming spherical particles diffusing in slits according to Eq. 2 (17) .
is the ratio of particle radius to slit half-width.
Results

Fabrication of Solid Microneedles Made of Silicon, Metal, and Polymer.
Arrays of solid microneedles were fabricated either by etching into silicon or polymer substrates or by filling molds with metal or polymer (Fig. 1) . Fig. 1 A and B shows solid silicon microneedles prepared in a reactive ion etcher using an optimized ratio of SF 6 to O 2 in the plasma to balance anisotropic with isotropic etching that causes ''under-etch'' beneath the masking material (9) . The needle in Fig. 1 A is Ϸ150 m tall, 80 m at its base, and tapered to a 1-m radius tip. By altering mask size, mask-to-mask spacing, and etching chemistry, needles as long as 200 m and as short as 25 m (Fig. 1B) injection molding to form exact replicas. Because needle tip geometry is important for ease of insertion into tissue, various needle tip designs were etched into silicon or polymer substrates, transferred into polymeric molds, and used to prepare replicas. In contrast to the thin needle with an extremely sharp tip shown in Fig. 1 A, Fig. 1C shows a metal replica with a wider geometry made of NiFe, which was fabricated by using an SU-8 polymer mold derived from a silicon master. This replica looks identical to the master from which it was copied (result not shown). Fig. 1 D-F shows three different designs of beveled-tip microneedles made of biodegradable polyesters, which were fabricated by using PDMS polymer molds derived from etched SU-8 polymer masters. The beveled geometry was achieved by preferentially etching only on one side of the needle, which was accomplished by asymmetrically placing masks over the polymer posts that were substrates for the needle masters (see Methods). Fig. 1F additionally has a groove etched along the full length of the needle created by using a notch in the lithographic mask. These molds can be used repeatedly; we have made more than 100 replicate needle arrays from individual molds. The resulting needles are sharp and strong enough to repeatedly insert into human skin in vivo without breaking.
Fabrication of Hollow Microneedles Made of Silicon, Metal, and Glass.
Hollow microneedle arrays have also been made by direct etching and molding. Hollow silicon microneedles were fabricated by first etching holes although silicon wafers by deep RIE and then etching microneedles around the holes, as described above. In this case, the bore diameter was constant (e.g., 60 m) and the wall thickness increased toward the needle base. Hollow metal microneedles were made by forming polymer or silicon molds and electrodepositing nickel, gold, or other metals onto the mold (Fig. 2) . Such needles have a constant wall thickness (e.g., 10 m) and a bore that widens toward the needle base. Hollow microneedles have been fabricated with widths between 35 and 300 m and lengths between 150 and 1,000 m. Although weaker than solid needles, these hollow microneedles are sufficiently strong to repeatedly insert into human skin in vivo with forces often much smaller than forces that caused needle fracture (data not shown).
Fabrication of hollow microneedles with straight walls (i.e., that do not taper) was achieved by using molds with cylindrical holes created either by deep RIE through silicon wafers or lithographically defining holes in SU-8 photoresist polymer. A thin coating of metal was then electrodeposited onto the molds to produce needles such as shown in Fig. 2 A. Tapered hollow needles were fabricated either by making a mold from a silicon master (e.g., Fig. 1 A) or laser drilling tapered holes into polymer sheets, followed by electrodeposition of a thin metal coating onto the mold (Fig. 2 C and D) . Tapered glass microneedles were also made by using conventional micropipette pulling techniques (Fig. 2B ).
Transdermal Transport Facilitated by Solid Microneedles. Microneedles were designed for insertion into human skin for painless transdermal drug delivery. Because skin's outer stratum corneum provides the primary permeability barrier, microneedles need only pierce past this 10-to 15-m-thick layer to administer drugs that can diffuse through highly permeable viable epidermis to capillaries found in the superficial dermis below (18). Because there are no nerves in the stratum corneum, such short needles might not stimulate pain. To account for hairs, dermatoglyphics (i.e., tiny wrinkles), and other surface features, as well as local deformation of the skin when pressed with microneedles, 150-m tall microneedles were used (Fig. 1 A) .
To assess the ability of microneedles to create transport pathways across stratum corneum, an array of 400 solid silicon needles in an area of 9 mm 2 was pressed into human cadaver epidermis and then removed. Cadaver epidermis is widely used to model the transport properties of human skin (13) . A solution of trypan blue dye was briefly placed on the stratum corneum side and then rinsed away. Fig. 3A shows an image of the underside (viable epidermis) of the tissue. The array of blue spots in the shape of the microneedle array indicates that the dye rapidly diffused across the epidermis through holes made by microneedles.
Additional experiments were performed with a number of different compounds to determine skin permeability quantitatively by using Franz diffusion chambers in vitro (Fig. 4) . In one set of experiments, arrays of microneedles were inserted and left in the skin. In this case, molecules could potentially diffuse through the gaps between microneedles and surrounding tissue. Skin permeability to calcein, insulin, and BSA was increased by orders of magnitude. This result is significant, because skin is generally considered impermeable to macromolecules (13, 19) .
In a second set of experiments, arrays of microneedles were inserted and then removed from the skin, after which skin permeability was determined (Fig. 4) . In this case, compounds could diffuse through residual holes left in the skin. Skin permeability to calcein, insulin, and BSA was increased by an additional order of magnitude above the ''needles inserted'' case. Moreover, significant numbers of latex nanoparticles were detected crossing the skin, which suggests the possibility of using microneedles to deliver controlled-release particles or virus-based vaccines. To understand the mechanism by which microneedles increase skin permeability, we theoretically modeled transdermal transport as diffusion through holes of known geometry made by insertion of microneedles. Predictions using this model, which requires no adjustable parameters, are shown in Fig. 4 to agree with the data. Model predictions are within the 95% confidence interval of each experimental data point, which supports the interpretation that transport occurred by diffusion through water-filled holes across the skin.
To put these results into better perspective, a 1-cm 2 patch of microneedles containing insulin in a conventional formulation of 100 units͞ml is expected to deliver on the order of 1 unit͞h insulin (see Fig. 4 ), which is sufficient to meet the basal needs of many diabetics (20) . A representative meal-time need of 10 units typically absorbed on the time scale of an hour or more from a conventional rapid-acting injection could be addressed by using a 2-cm 2 patch supplied by a commercially available 500 units͞ml insulin formulation.
Insulin Microinjection to Diabetic Rats. To facilitate delivery into skin by convection, hollow microneedles were used to inject insulin and other solutions into the skin of hairless rats in vivo. When a single glass microneedle (e.g., Fig. 2B ) was inserted into the skin for 30 min, up to 32 l of fluid could be flowed into the skin at a pressure of 10 psi (data not shown). Smaller amounts could be injected by using lower pressures or shorter periods of time with no apparent lag time. Additional microscopy studies demonstrated intradermal and intraepidermal microinjection of low molecular weight dyes, as well as 2.8-m fluorescencelabeled latex particles (data not shown).
To test the ability of microneedles to deliver a biologically active agent in vivo, microinjection of insulin was studied in diabetic hairless rats. As shown in Fig. 5 , a 30-min microinfusion of insulin at 10 or 14 psi caused a steady reduction in blood glucose level over a 5-h period, which corresponded to a drop of up to 70% from preinfusion levels (340-470 mg͞dl). This level was statistically different from controls (P Ͻ 0.05), where neither infusion of saline nor placement of insulin solution on the skin without microneedles changed blood glucose levels (P Ͼ 0.05, data not shown). A dose-dependent response was observed, where infusion at larger pressure caused a larger drop in blood glucose (P Ͻ 0.05 for Ͼ4 h). Subcutaneous injection of 0.05 and 0.5 unit of insulin bracketed the response seen when microneedles were used (data not shown).
Intracellular Delivery Using Solid Microneedles. Many laboratory applications require delivery of molecules into cells, for example, to alter cell function. To determine the ability of microneedles to insert into cell membranes and thereby introduce exogenous molecules into large numbers of viable cells, we bathed a monolayer of human prostate cancer cells in a solution of calcein (an inert cell-impermeant fluorescent molecule) and briefly pressed an array of solid microneedles into the cells (Fig. 1B) . As designed for this application, these needles were 25 m tall, which is comparable to the height of a confluent DU145 cell monolayer; measured 15 m at their base and less than 1 m at their tip, which facilitated easy insertion; were spaced 25 m (Fig. 1 A) was inserted and removed from human cadaver skin, which was subsequently exposed to trypan blue on the exterior stratum corneum side. The array of dark dots shown on the interior viable epidermis side indicates that microneedles created transport pathways across the tissue. (B) An array of 25-m-tall microneedles (Fig. 1B) was briefly inserted into a monolayer of prostate cancer cells bathed in a solution of calcein, a cell-impermeant fluorescent tracer. Cells on the left were treated with microneedles and show bright fluorescence, indicating uptake of calcein. Cells on the right (dark area) were not treated with microneedles and show little fluorescence, indicating little or no uptake. Most cells remained viable after treatment (data not shown). Fig. 4 . Skin permeability to molecules and particles of different sizes after treatment with microneedles. The permeability of human cadaver epidermis was increased by orders of magnitude with a 400-needle array (Fig. 1 A) inserted (ᮀ) and after the array was removed (F) for calcein, insulin, BSA, and latex nanospheres of 25 nm and 50 nm radius. Permeability to nanospheres with needles inserted was below the detection limit, on the order of 10 Ϫ4 cm͞h. In the absence of microneedles, permeability to all compounds was below their detection limits, on the order of 10 Ϫ6 to 10 Ϫ4 cm͞h (data not shown). Mean values Ϯ SEM are shown for at least six replicates. Predictions are shown for needles inserted (dashed line) and needles removed (solid line) by using a model requiring no adjustable parameters (Eq. 1 coupled with the Stokes-Einstein equation to interrelate molecular radius and diffusivity). 5 . Blood glucose levels in diabetic hairless rats shown as a function of time after injection of insulin solution at 10 psi (F) (n ϭ 3, 4.3 Ϯ 0.7 l delivered) or 14 psi (E) (n ϭ 4, 28 Ϯ 11 l delivered). Blood glucose level was measured before and after insulin was microinjected through a hollow, glass microneedle inserted into rat skin for 30 min (shaded region). Each data point represents the mean (ϮSEM) of three or four measurements on different rats.
apart, which is similar to the cell-to-cell spacing in a confluent monolayer; and numbered 160,000 needles per cm 2 . After the needles had been removed and the extracellular calcein had been washed away, Ϸ85% of cells beneath the array contained bright green fluorescence (left side of Fig. 3B ), indicating substantial uptake of the marker compound. Control cells in the same monolayer that were not pierced by microneedles showed minimal green fluorescence (right side of Fig.  3B ). Subsequent exposure to a red viability stain indicated that Ϸ90% of cells were viable (data not shown). This result demonstrates that micrometer-scale piercing of cells can induce molecular uptake while maintaining high cell viability, in agreement with previous observations (21, 22) .
Discussion
Possible Uses of Microneedles. Microneedles sit at the interface between transdermal patches and hypodermic needles, attempting to gain the advantages and eliminate the disadvantages of each. Hypodermic needles effectively deliver almost any drug at almost any rate across the skin but are limited by pain, need for medical expertise, and difficulty to have controlled delivery over long periods of time. In contrast, transdermal patches largely eliminate these limitations, but suffer from an inability to deliver most drugs across skin at useful rates. We have hypothesized that microneedles may be small enough to capture the convenience of patches but large enough to create micrometer-scale pathways across the skin for drug delivery. Previous studies have shown that microneedles can be painlessly inserted into the skin of human subjects (23) . Additional studies will be needed to further establish the ease and efficacy of microneedle-based delivery in a clinical environment.
We envision using solid microneedles in combination with current transdermal patch technology. Integrated into a patch, microneedles may provide a minimally invasive method to increase skin permeability for diffusion-based transport that could make transdermal delivery of many drugs possible, including large molecules such as proteins. Hollow microneedles, either as individual needles or as multineedle arrays, might be used for convection-based delivery. This microinfusion approach could increase rates of delivery beyond those of passive patches and permit rates to be modulated in real time by a microprocessor-controlled pump, which could include a user interface for input by patients or healthcare providers.
Advantages of Metal and Polymer Microneedles. Although silicon needle arrays (e.g., Fig. 1 A and B) can be fabricated in cleanroom facilities in widespread use in the microelectronics industry, the metal and polymer needles shown in Fig. 1 C-E and Fig. 2 offer a number of practical advantages. First, fabrication of metal and polymer microneedles should be less expensive and readily scalable to mass production because: (i) metal and polymer raw materials are widely available and generally less expensive than silicon wafers, (ii) the electroplating and polymer molding techniques used to make these needles can be set up in a conventional manufacturing environment without the need for cleanroom facilities, and (iii) the fabrication techniques we developed involve relatively simple single-step molding operations, which contrasts with most other published methods that require more complex multistep fabrication schemes (24) .
Regarding microneedle safety, many metal and polymer materials have established safety records in medical devices (25) , whereas silicon is a new and relatively untested biomaterial. In contrast to our previous observations of occasional breakage of silicon microneedle tips upon insertion into skin (9), our polymer and metal microneedles are stronger (data not shown). As an added safety measure, polymer microneedles were fabricated by using biodegradable materials, which suggests that if such a microneedle accidentally broke off in the skin, it would safely degrade and disappear over time.
Conclusions
In conclusion, practical microfabrication techniques were developed to yield silicon, metal, and polymer microneedles of micrometer dimensions in various geometries. Solid microneedles were shown to pierce skin and thereby increase skin permeability by orders of magnitude to levels that may permit clinical delivery of macromolecules across skin. Solid needles also permeabilized cell membranes for intracellular delivery of marker compounds. Hollow microneedles were shown to microinject insulin to modulate blood glucose levels in diabetic rats. Together, these results suggest that microneedles are a useful approach to transdermal drug delivery.
